MRI studies on abnormal brain development are dependent on the quality, quantity, and type of normative development data available for comparison. Limitations affecting previous studies on normative development include small sample sizes, lack of demographic representation, heterogeneous subject populations, and inadequate longitudinal data. The National Institutes of Health Pediatric MRI Data Repository (NIHPD) for normative development was designed to address the aforementioned issues in reliability measures of control subjects for comparison studies. The subjects were recruited from six Pediatric Study Centers nationwide to create the largest, non-biased, longitudinal database of the developing brain. Using the NIHPD, we applied a 3D shape analysis method involving spherical harmonics to identify the cortical surface complexity of 396 subjects (210 female; 186 male) between the ages of 4.8 y and 22.3 y. MRI data had been obtained at one, two, or three time points approximately two years apart. A total of 144 participants (79 female; 65 male) provided MRI data from all time points. Our results confirm a direct correlation between cortical complexity and age in both males and females. Additionally, within the examined age range, females displayed consistently and significantly greater cortical complexity than males. Findings suggest that the underlying neural circuitry within male and female brains is different, possibly explaining observations of sexual dimorphism in social interaction, communication, and higher cognitive processes.
Introduction
Variability in global and regional cortical development exists even amongst healthy control subjects. This lends to the importance of ascertaining normative measurements of brain development from a longitudinal database stemming from a large, demographically balanced population [1] . Presently, the National Institutes of Health Pediatric MRI Data Repository (NIHPD) is the largest non-biased, multi-center, longitudinal sample of healthy control subjects available providing the most reliable data for normative measurements of specific brain regions and growth patterns during development. The purpose of this study was to identify confidence intervals of normative pediatric cortical shape complexity, which is defined as a measure that quantifies the spatial frequency of gyrification and fissuration of the brain surface [2] . To do this, we applied a method of 3D shape analysis called spherical harmonics to MRI data from 396 subjects (210 female; 186 male) aged 4.8 to problems in three dimensions [3] . They form an orthogonal basis for functions defined on the unit sphere, analogous to the Fourier basis of sines and cosines for functions defined on a circular domain. The SPHARM algorithm [4] uses spherical harmonics to decompose any genus zero surface into its frequency components.
Spatial normalization systems are commonly used to reference a given brain in which individual subject data is superimposed on the atlas data [5, 6] . However, a major disadvantage of superimposing individual brain images onto a standard atlas is that much of the variability of the individual brain is stripped away as each brain is contorted to match the template atlas.
Instead of matching each brain to a standard atlas, spherical harmonics reconstruct a 3D cortical surface mesh model to match each individual brain, providing an individualized measure of shape complexity for each subject.
In an attempt to identify normal brain variation with age and gender, the Brain Development Cooperative Group [7] established a normative reference of cortical volume during development using the subjects from the NIHPD. However, measurements of cortical volume can be misleading in that two brains could have the same amount of cortical white matter and gray matter volume, but be distributed differently throughout the brain. Additionally, automated differentiation of tissue lack anatomical specificity and may vary depending on the clarity and quality of MRI data, diminishing the reliability of reproducibility of volume measurements [8] .
The use of spherical harmonics overcomes these limitations by measuring the shape of the cortex rather than its volume, including the dynamics of both gyri and sulci.
Spherical harmonics are combinations of basic mathematical functions defined on the unit sphere. The spherical harmonic shape analysis consists of a Fourier transform, which is used as a mathematical operation described as a function of polar angle θ and azimuthal angle φ that decomposes a function into frequency components [9] : 
Spherical harmonics
The first step is to reparameterize the surface for reconstruction which is done by mapping a surface mesh around the image using an automated, non-biased point by point coordinate system. We accomplished this task using the Attraction-Repulsion Algorithm as previously published [12] . 
Spherical deformation
From the original mesh, we used the Laplacian filtering equation to smooth the desired surface. We then used the Attraction-Repulsion Algorithm to deform the mesh into a unit sphere:
The Attraction-Repulsion mapping approach requires all the mesh nodes to meet two conditions: (i) the unit distance of each node from the center of the cortex, and (ii) an equal distance of each node from all of its nearest neighbors [12] . Using spherical harmonics, we reconstructed estimates of the original cortex using a smoothing constant of 10 
is defined as the sum of the squared truncation error when using an L + 1 order SH series:
The normalization factor in the denominator of S(M) ensures that the surface complexity is independent of brain volume; i.e. it is a measure of shape rather than size.
Results
To investigate measurements of cortical complexity, accurate automated segmentation was performed using a conventional 3D
parametric deformable boundary. Once a 
Instantaneous rate of change in S Rate of change in surface complexity S was estimated by finite differencing: 4 . Box plot of cortical surface complexity in the male subset. Results for all 396 subjects are the same as our one-to-one age matched comparison between genders, indicating that cortical complexity increases with age in both genders, but that cortical complexity is consistently and significantly greater in females than males between the ages of 4.8 and 22.3.
shape complexity increased with age in both genders ( Figure 6 ). All p-values are two-sided.
Ignoring the insignificant sex-dependent terms, the best fit was: 
Discussion
During development, as the brain is encased within a nonmalleable skull, it is not able to expand its cortical surface area; therefore, it must fold within itself creating grooves and ridges in a process known as gyrification.
The topography of the cortical surface area becomes more convoluted throughout prenatal and early postnatal development [17] .
Early postmortem findings have shown that normal brain maturation occurs from inferior to superior and from posterior to anterior structures [18, 19] . Early neuroimaging studies confirmed that the brainstem, cerebellum, sensorimotor cortex and thalamus develop early within the infant brain, followed later by development of the association cortices of the frontal, temporal, parietal and occipital lobes [18, 19] . Evidence of this order of maturation is consistent with outward developmental stages of infant behaviors [20] . Neuroimaging Gerig and colleagues [21] were the first to address this issue by implementing 3D shape analysis methods using spherical harmonics or SPHARM. SPHARM is a unique method of congruency shape analysis that removes many of the standard parameters of variability in an object. It is also hierarchical in nature in Figure 6 . Rate of change in surface complexity S estimated by finite differencing at visit 2 in all the subjects who provided MRI data for a total of 3 visits. Other studies that have investigated the cortical surface area have reported that male brains have greater cortical surface area than female brains when measured in their native space [22] [23] [24] , but when area measurements were normalized by volume, females actually had more surface area than males [23] , though not significantly. However, an investigation of cortical surface area did show highly significant sex differences after image scaling [24] . Two other studies also provided evidence for direct sex effects of cortical complexity in which the female brain revealed greater cortical complexity compared to males [2, 24] . Luders et al. [2] estimated cortical complexity in the superior frontal, inferior frontal, temporal, parietal, and occipital lobar regions and found that female brains were more complex in the frontal and parietal lobes compared to males [2] . In a later study, Luders et al. (2006) used the mean curvature to quantify cortical convolution at multiple surface points, confirming findings of greater cortical surface complexity in the frontal and parietal lobes of females compared to males. Another study that estimated cortical complexity used a spatial resolution and regression model [25] and found significant sex-by-age interaction in children and adolescents for frontal brain regions with cortical complexity only increasing with age in females [26] . developed [27] . Changes in cortical thickness relate to cognitive changes in normally developing children and adolescence [28] . It is thought that perhaps the loss of gray matter is due to synaptic pruning and possible changes in trophic glial and vasculature and/or even cell shrinkage [27] .
MRI findings have shown that regional total lobar volumes highly correlate with total brain volume during development [29] . In regards to significant age effects, females were observed to have an increased amount of white matter significantly greater than any change in gray matter between 7 and 15 years of age, with the ratio of total gray matter volume to total white matter volume at 8% to 19%, respectively [29] . The significant change in female brain development between the ages of 7 and 15 is likely due in part to hormonal influences associated with menarche [30] .
Conclusions
Our results indicate a direct relationship between an increase in age and an increase in gyrification during the age range examined.
Both males and females exhibit a pattern of increased cortical complexity with age. However, in considering the latent effects of fetal testosterone on local gray matter volume development, it is also possible that the cortical complexity of the male brain may eventually catch up to the female brain because fetal testosterone acts as a proximate signal in early development that triggers early cell processes that are not expressed until later in life [34] .
This study also showed that 3D cortical shape analysis using spherical harmonics is able to accurately discriminate changes in cortical growth with age. As the complexity of cortical folding increases, the number of SHs needed to provide an accurate approximation of the shape also increases, so the greater the area under the curve, the greater the number of SHs were needed to fit the shape. 
